We investigate band bending, electron affinity and work function of differently terminated, doped and oriented diamond surfaces by X-ray and ultraviolet photoelectron spectroscopy ( XPS and UPS ). The diamond surfaces were polished by a hydrogen plasma treatment and present a mean roughness below 10 Å . The hydrogen-terminated diamond surfaces have negative electron affinity (NEA), whereas the hydrogen-free surfaces present positive electron affinity (PEA). The NEA peak is only observed for the borondoped diamond (100)-(2×1):H surface, whereas it is not visible for the nitrogen-doped diamond (100)-(2×1):H surface due to strong upward band bending. For the boron-doped diamond (111)-(1×1):H surface, the NEA peak is also absent due to the conservation of the parallel wavevector component (k d ) in photoemission. Electron emission from energy levels below the conduction band minimum (CBM ) up to the vacuum level E vac allowed the electron affinity to be measured quantitatively for PEA as well as for NEA. The emission from populated surface states forms a shoulder or a peak at lower kinetic energies, depending on the NEA behavior and additionally shows a dispersion behavior. The low boron-doped diamond (100)-(2×1):H surface presents a highintensity NEA peak with a FWHM of 250 meV. Its cut-off is situated at a kinetic energy of 4.9 eV, whereas the upper limit of the vacuum level is situated at 3.9 eV, resulting in a NEA of at least −1.0 eV and a maximum work function of 3.9 eV. The high-borondoped diamond (100) surface behaves similarly, showing that the NEA peak is present due to the downward band bending independent of the boron concentration. The nitrogen-doped (100)-(2×1):H surface shows a low NEA of −0.2 eV but no NEA peak due to the strong upward band bending. The (111)-(1×1):H surface does not show a NEA peak due to the k d conservation in photoemission; E vac is situated at 4.2 eV or below, resulting in a NEA of at least −0.9 eV and a maximum work function of 4.2 eV. The high-intensity NEA peak of boron-doped diamond seems to be due to the downward band bending together with the reduced work function because of hydrogen termination. Upon hydrogen desorption at higher annealing temperatures, the work function increases, and NEA disappears. For the nitrogen-doped diamond (100) surface, the work function behaves similarly, but the observation of a NEA peak is absent because of the surface barrier formed by the high upward band bending.
Introduction
CVD that show field emission of electrons at a threshold voltage less than 0.5 V mm−1, which augurs well for cold-cathode technology.
Interest
The type Ib diamond received a lot of interest when Geis et al. [9] reported on field emission of Important progress in chemical vapor deposition (CVD) [1] [2] [3] [4] of diamond in order to produce (100) electrons from N-doped diamond. Generally, emission from B-doped diamond requires vacuum and (111) oriented, textured, and p-type films together with the negative electron affinity (NEA) electric fields of 20-50 V mm−1 [9] . The measurements of Geis et al. [9] show that the N-doped characteristics of these surfaces, has created a great deal of interest in developing NEA diamond-based diamond requires only fields of 0-1 V mm−1. In order to explain this behavior, a NEA of 0.7 eV electronic devices for high-speed, high-temperature and high-power applications such as electron mulwas assumed for this type of diamond and 1.7 eV for the O-Cs-treated diamond [10] . Recently, the tipliers, flat panel displays, cold cathodes, field emitters and photoemitters.
same group presented a cold-cathode emitter based on a field-emission Spindt cathode, using a diaDoping diamond with electrically active impurities (n-and p-type) is necessary for many of these mond film doped by substitutional nitrogen [11] . The device shows high field emission currents with semiconductor device applications. The borondoped (rare in nature, also produced synthetically; little or no electric field 0-1 V mm−1. Such a Geis-Spindt diamond field-emitter has also been noted B-doped and called type IIb) diamond is the only single crystal with electronically active studied theoretically [12] . The cathode performance is limited by the injection of electrons into impurities. The B-doped, type IIb diamond shows p-type semiconductor properties with an acceptor diamond from the back-metal contact, whereas the emission performance is explained by the stable level situated at 0.37 eV [1] above the valence band maximum ( VBM ). Until recently, no shallow NEA of diamond, which allows the injected electrons in the diamond to be emitted into vacuum n-type dopants have been found, although n-type behavior of diamond doped with nitrogen, phoswith electric fields of 0-1 V mm−1. phorus, sodium and lithium has been reported or predicted [3] . As a matter of fact, in most cases, 1.2. Outline of the paper the n-type behavior was associated with defects created during the introduction of the impurities
In this paper, we present electron affinity x and work function w measurements of the differently (ion implantation). Accordingly, these semiconducting properties could not be sustained following doped and terminated diamond (100) and (111) surfaces by means of photoelectron spectroscopy. high-temperature annealing. Very recently, however, Koizumi et al. [5] reported on n-type semiSection 3 describes the experimental methods, and Section 4 presents and discusses the band bending, conducting diamond thin films with an activation energy of only 0.4 eV obtained by microwave the electron affinity and the work function measurements of the differently terminated, doped and plasma CVD using phosphine as a dopant source. Further research for n-type doping of diamond oriented diamond surfaces. In Section 5, we draw our conclusions. looks again more promising.
In type Ib diamond, the electron level due to substitutional nitrogen is situated 1.7 eV below the conduction band minimum (CBM ) [6, 7] , i.e. it 2. Electron affinity forms a deep donor level that is electronically inactive at room temperature as an n-type dopant Electrons in the conduction band are generally prevented from escaping into vacuum by the but plays an important role in the recombination and compensation of electrical carriers. Very electron affinity barrier x. However, some materials show a negative electron affinity (NEA) [13, 14] . recently, Okano et al. [8] reported on heavily N-doped (1020 cm−3) diamond films grown by
Bell [14] distinguished between true and effective NEA. True NEA is defined if the vacuum level semiconductors. Thin films of condensed hexatriacontane (paraffin wax) [31] , LiF films on Ge(100) (E vac ) lies below the conduction band minimum (CBM ) at the surface, and hence, electrons excited [32] , AlN films on 6H-SiC [33] and c-BN powder and films [34] were shown to exhibit a NEA. into the conduction band can easily escape into vacuum. The conventional semiconductors (Si, Ge, GaAs, GaP, InP,…) do not show true NEA [14] . However, adsorbing CsO, forming a surface dipole layer, which induces a short downward bandbending width (due to the heavy p-type doping) 3. Experimental can reduce the affinity by several eV [14] . This results in a so-called effective NEA [14] [15] [16] [17] .
3. The hydrogen-plasma-cleaned crystals are mounted on a heatable (up to 1200°C ) sample (1×1):H surface] by a photoelectric threshold at the band-gap energy of 5.5 eV and by the sharp holder and transferred to a VG ESCALAB Mk II spectrometer with a base pressure of 2×10−11 peak observed at low kinetic energies, characteristic for the emission of thermalized photoelectrons mbar, equipped with a MgKa (hn=1253.6 eV ) and SiKa (hn=1740.0 eV ) twin anode, a helium disfrom the CBM. However, the hydrogen-free (H-free) (111) reconstructed surface [(111)-(2×1) charge lamp (He I, hn=21.2 eV; He II, hn= 40.8 eV ) and a LEED system. The energy resosurface] shows a positive electron affinity (PEA) [13, 19] . lution is at its best 0.9 eV for X-ray photoelectron spectroscopy ( XPS) and 35 meV for ultraviolet In 1994, Van der Weide et al. [20] found that the diamond NEA effect is not only limited to the photoelectron spectroscopy ( UPS, He I ). A motorized goniometric sample manipulator allows polar (111) surface but also present for the (100) surface. The monohydride (100) reconstructed surface and azimuthal rotations to be performed [35] . Photoelectron diffractogramms obtained from the [(100)-(2×1):H surface] also exhibits NEA, as reported earlier by other groups [20] [21] [22] and by diamond (100) and (111) surfaces allow a precise orientation of the crystal [36 ] . our group [23] , whereas the H-free (100) reconstructed surface [(100)-(2×1) surface] shows PEA.
Annealing temperatures of the diamond sample were measured with a two-color pyrometer, which Adsorption of thin metallic layers ( Ti [24] , TiO [25, 26 ] , Ni [27] , Cu [27] and Co [27] and Cs [28] ) was previously calibrated with a thermocouple. We annealed the diamond surfaces to temperatures on the H-free PEA diamond (100) and (111) surfaces results in the reappearance of NEA.
up to 1100°C at pressures remaining in the 10−10-mbar range, whereas the XPS and UPS Qualitatively, these experimental results agree with the calculations made for diamond surfaces by (only for the boron-doped diamonds) measurements were performed at room temperature. Since Pickett [29] and Zhang et al. [30] . Using selfconsistent local-density-based methods, Pickett the nitrogen-doped diamond (100) surface is insulating at room temperature, the charging effects [29] showed that caesiation of the PEA-oxygenated diamond (100) surface changes it to a nearly were compensated for by illuminating the crystal by an argon ion laser (l=514 nm, P=25 mW ) for metallic surface with −0.85 eV true NEA and a w of 1.25 eV. Zhang et al. [30] obtained, using the XPS measurements and by performing the UPS measurements at a substrate temperature of ab-initio molecular-dynamics calculations, a PEA of 0.8 eV for the (100)-(2×1) surface, whereas the 400°C [37] . The measurements at 400°C were performed in a mode with alternating heating and (100)-(2×1):H surface presented a true NEA of −2.2 eV. measuring cycles (50 Hz) to avoid disturbing the electric and magnetic fields due to the sample NEA effects are not only limited to diamond but are a general phenomenon of wide-band-gap heating current.
Sample description and preparation
observed before the treatment disappears and atomic steps (several atoms high), running over the surface parallel to the [110] direction, appear. The diamond substrates used in this study are a nitrogen-doped, type Ib (noted N-doped, Therefore lateral propagation of multi-atomic steps takes place during hydrogen plasma etching. N D =1020 cm−3) 3×4 mm synthetic (100) and boron-doped, type IIb (noted B-doped, N A =1016 The reference substrate is a copper (110) single crystal already polished and oriented within 0.5°and 1020 cm−3) 5×5 mm natural (100) and (111) crystals. They are oriented within 3°of the (100) of the (110) crystallographic plane. The cleaning process for the copper (110) surface consisted of and (111) crystallographic planes, and the surface roughness of the as-received crystals is more than repeated cycles of argon-ion bombardment at several decreasing energies between 1.5 and 0.5 keV, 2 nm RMS as shown by atomic force microscope (AFM ) images (Fig. 1 ). {The definition of followed by annealing up to 600°C [45] . In order to understand better the determination of electron affinity x and work function w in our Switzerland) and afterwards cleaned by a microwave hydrogen plasma at 870°C and at a pressure UP spectra, we show in Fig. 3 Fig. 3b , for the plasma, the surface roughness of the crystals is less than 10 Å RMS ( Fig. 1) . silicon (100) surface] cases, respectively. The emission width, w, from the low-kinetic-energy cut-off Neither of the surfaces shows surface contamination ( less than 0.5 at.% of oxygen, which is the to the VBM can be used to calculate the electron affinity x by: detection limit of the technique), as shown by the MgKa XP normal emission overview spectrum x=hn−E g −w [23, 37, 39] , even after several weeks in air. This means that they are stable in air [38, 40] . The (100) with hn the photon energy and E g the band gap. If a diamond surface shows NEA, then x is negasurface presents a (2×1) reconstruction, as shown by the LEED patterns [21, 38, 40] and by the tive and hence electrons thermalizing to the CBM are emitted very easily into the vacuum. They atomic resolution STM images [41] ( Fig. 2 , note that the two (2×1) domains rotated by 90°with appear in the He I spectra as a sharp, highintensity peak at low kinetic energies, and the respect to each other are clearly visible). The (111) surface shows a (1×1) reconstruction as shown energy position determines the CBM (because E vac lies below it). The relative position of the by very-high-quality LEED patterns [19, 38, 39, 42] and by the atomic resolution STM images as CBM with respect to E F is chosen by the position of the NEA peak with extrapolation to zero intenshown in Fig. 2 [43] . Our STM images show large, atomically flat terraces for the hydrogen plasma sity within an error of 0.1 eV. This error value is estimated from the error for the determination of treated surfaces, which is an indication of the efficient surface polishing. Recently, Hayashi et al.
the energy position and by the reproduction of the results (surface preparation). Cardona and Ley [44] experimentally observed step-flow etching of diamond (100) surfaces by AFM and confirmed [46 ] state that the energy at which the spectra extrapolates linearly to zero determines w, and the polishing of diamond surfaces by hydrogen plasma treatment. The corrugated structure therefore they established this way of determining energy levels for photoemission studies in semiconapproximately 3.9 eV will be discussed in Section 4.3.4. ductors. From the diamond band gap of 5.5 eV, we can subtract the 4.9 eV of the NEA peak (the However, depending on the spectrometer used, these low-kinetic-energy electrons cannot over-NEA peak characterizes the distance E F −CBM ), and the resulting 0.6 eV characterizes the energy come the work function of the electron analyzer and, hence, cannot be detected. Therefore, a small distance at the surface between the VBM and E F . The origin of the low-kinetic-energy peak at negative bias voltage between −0.5 and −5.0 V is applied to the sample [23, 37, 39, 47] . This applied tions of the spectra do not change any further. The intensity only increases in function of the bias voltage also eliminates the problem of secondary emission from the walls of the sample chamber applied bias voltage due to the increased electric field between sample and analyzer. The spectra and other parts of the spectrometer [46 ] . For PEA, E vac is above the CBM and, therefore, the change (induced by the higher w A of the electron analyzer) due to the applied bias is shown in Fig. 5 low-kinetic-energy cut-off in the spectra determines E vac . Both, the NEA (for the diamond (100)-for three different applied bias voltages. Below −1.5 V, we can measure the whole spectra up to (2×1):H surface) and PEA (for the copper (110) surface) cases are illustrated by the He I spectra E vac . For diamond surfaces, the states near E F are in function of the applied bias ( Fig. 4) . For an applied bias of −1.5 V or below, the cut-off posibetter illustrated by the He II spectra [47] . The but it is higher for states near E F . If surface states materials with the band diagrams on the left side, respectively. We determine the spectra cut-off with extrapolation to zero are not present, then we can determine the VBM intensity. Labeled are the work function, w, the electron affinity, position near E F in the He II parts of the spectra x, the band gap, E g , the vacuum level, E vac , the photon energy, discussed elsewhere [13, 37] .
hn, the Fermi level E F , the conduction band minimum (CBM ) and the valence band maximum ( VBM ). Note the different 
Principle of XPS measurements for the

characterization of band bending
The knowledge of the bulk Fermi-level position reason for this is the more favorable photoemission cross-sections for He II. The cross-section of the is an important issue for a better understanding of the band bending and the energy band diagrams. 2p states at 8.0 eV binding energy is lower for the bulk Fermi-level position of B-doped diamond as a function of temperature and impurity concentration. For the B-doped diamond, our analogous calculations predict the bulk Fermi level at 0.3 eV (N A =1016 cm−3) and at 0.25 eV (N A =1020 cm−3) [51] above the VBM in agreement with the calculations of Bandis and Pate [13, 50] . The nitrogen forms a deep donor level in the type Ib diamond with an ionization energy of E D =1.7 eV [6 ] . For the N-doped (N D =1020 cm−3) diamond, our calculations predict the bulk Fermi level at 1.6 eV [51] below the CBM, 0.1 eV above the deep donor level (situated 1.7 eV below the CBM ).
Another important component is the width of the band-bending region. Bandis and Pate [13, 50] calculated this band-bending width, D, using the following formula [52] :
D=ǰ2ey/qN
A with e the dielectric constant, y the band bending in eV and N A the acceptor concentration. In Table 1 , we present for diamond surfaces calculated band-bending widths for typical band bending and doping concentration. With a detection depth around 30 Å for the XPS analysis, we measure the whole band-bending region for a band bending of 1 eV and a doping concentration of 1020 cm−3.
Changes in band bending, with different annealing temperatures successively removing hydrogen from the diamond surfaces, are illustrated by the XP normal emission spectra of the C 1s core level in Ref. [23] for the low-B-doped (N A =1016 cm−3) diamond (100) surface, in Ref. [53] for the low-Bdoped (N A =1016 cm−3) diamond (111) surface, in Table 1 Calculated band-bending widths for different band bending and neutrality, Bandis and Pate [13, 50] calculated the and surface contributions) were done to determine the position of the C-C, CNC and C-H x (1≤x≤3) contributions. The C-C contribution for the low-B-doped (100)-(2×1):H surface is situated at a binding energy of 284.0 eV and shifts successively towards higher binding energies [284.9 eV for the (100)-(2×1) surface]. For the (100)-(2×1) surface, the p-bonded dimers are responsible for the formation of surface states [19, 47] and visible by the CNC contribution. The C 1s core levels for the low-Bdoped (100) and (111) surfaces have nearly the same shape and position.
The shape and position of the C 1s core level of the differently B-doped (100) surfaces are nearly the same. However, for the H-free surfaces, the ing process remains the same, but the band-bending width is in the region of 30 Å , characteristic of the detection depth of the XPS analysis. This short band-bending width is due to the high doping concentration of boron (N A =1020 cm−3) and the large band bending of 1.2 eV ( Table 1 ). Due to this short band-bending width, we probe C-C bonds with slightly different binding energies. Hence, for the high-B-doped (100)-(2×1) surface ( Fig. 6 ) with a band bending of 1.2 eV, a photoelectron from 20 Å below the surface shows a different binding energy to that of a photoelectron from the topmost surface. The additional C-C contribution due to the probed band bending is noted BB and situated at lower binding energies (because of the downward band bending). For the (100)-(2×1):H surfaces, the measured C 1s core Fig. 6 for the high-B-doped (N A =1020 cm−3) diamond (100) surface and finally in Fig. 7 for the (2×1) bare surface]. As for the B-doped (100)-(2×1) surface, the p-bonded dimers are responsihigh-N-doped (N D =1020 cm−3) diamond (100) surface. The XPS measurements have been perble for the formation of surface states [19, 47] and visible by the CNC contribution. Nitrogen acts as formed at room temperature for the B-doped crystals and at 400°C for the N-doped crystal. The a donor and, therefore, the electrons of the highlying bulk donor levels populate the lower-lying Gaussian fits of the C 1s core levels using a full width of half maximum (FWHM ) of 1 eV (bulk unoccupied surface states. Due to this charge transfer, E F drops (therefore upward band bending), and the surface bands fill until thermodynamic equilibrium is achieved. Because the density of surface states N D (~1015 cm−2) is large, E F of the (100)-(2×1) surface is pinned independently of the bulk dopant density. The shifts of the bulk C 1s core levels for the differently terminated N-doped (100) surfaces lead to an increasing upward band bending and therefore to a change in surface Fermi-level pinning. Similar to the high-B-doped (100)-(2×1) surface, the C 1s core level of the N-doped (100)-(2×1):H surface is larger, even with the same C-H x contribution as for the B-doped surfaces [23, 53] . Due to the high doping concentration of nitrogen (N D =1020 cm−3) and the large band bending, the C-C bonds with slightly different binding energies.
The peaks formed by markers are the sum of the peaks formed Therefore, an additional contribution at higher by every layer from the surface to the bulk ( listed in the legend).
binding energies due to the large upward band
The corresponding C 1s band is shown above the graph.
bending (noted BB) has to be fitted. The (100)-(2×1) surface shows two shoulders, one at lower binding energies due to the H-free p-bonded dimer simulated peak similar to the C 1s core level peak chains (as for the B-doped surface) [19, 54, 55] . At measured by XPS. For the 400°C annealed, highhigher binding energies, the other shoulder is N-doped, (100) surface, we obtain a good because of the large band bending probed by XPS agreement between the measured and the simulated due to the short band-bending width.
peak for an assumed band bending of 1.65 eV Now, it is interesting to simulate the C-C surface within an error of 0.2 eV as shown in Fig. 8 . This and C-C bulk (noted BB in the Figs. 6 and 7) error value results from the fact that an increase contributions of the high-B-and N-doped diaor a decrease in FWHM around 0.1 eV results in mond surfaces. These C-C contributions with a decrease or an increase in band bending of slightly different binding energies are due to the 0.2 eV, respectively. The simulated band-bending large band bending which is probed because of the values confirm the values determined earlier by small band-bending width. We simulated the band UPS and by the C 1s shift [37] . They are summabending value for the asymmetric peak of the rized for the high-B-and N-doped diamond (100) 400°C annealed high-N-doped diamond (100) sursurfaces in Table 2 . face. For the simulation, we assume a detection Another interesting parameter, which can be depth around 30 Å where the intensity is decreasfitted by these simulations is the doping concening exponentially with the detection depth. In tration. We take the simulated band-bending value, addition, a FWHM of 1 eV for each simulated and we vary the doping concentration and therepeak is assumed, corresponding to the emission fore the band-bending width. By doing the same coming from a certain layer from the surface to fits, we can estimate the doping concentration. For the bulk. With an initial band bending, y 0 , we the highly N-and B-doped crystals, agreement have calculated the energy shifts of the simulated between the simulated and experimental peaks was peaks for different layers from the surface to the achieved for a doping concentration of 1020 cm−3 bulk. For an optimal band bending value, y 0 , the addition of these layer peaks results in a total with an error value of 0.3×1020 cm−3. 
. UPS characterization of the B-doped diamond (100) and (111) surfaces
bending and the shifts determined from Ref.
[23] allowed us to compute the band bending for the Fig. 9 shows the low-kinetic-energy part of the He I normal emission spectra of the H-terminated differently terminated low-B-doped (100) surface as listed in Table 2 . For the other diamonds, we and H-free low-B-doped diamond (100) and (111) surfaces. The spectra are aligned to the Fermi level proceed in the same way, and the determined values are also listed in Table 2 . and normalized to the bulk feature (situated around 13.0 eV kinetic energy), characterizing the Figs. 10-12 show the low-kinetic-energy part of the He I normal emission spectra for the low-Bp states [56] [57] [58] . The numbers given in the graph present the cut-off energy position with extrapoladoped diamond (100) surface ( Fig. 10) , for the low-B-doped diamond (111) surface (Fig. 11 ) and tion to zero intensity [37] . At low kinetic energies, the monohydride terminated (100) and (111) surfor the high-B-doped (100) diamond surface ( Fig. 12) . After 400°C annealing of the low-Bfaces show a high intensity with the spectra cutoffs at 3.9 and 4.2 eV, respectively. The cut-off doped (100)-(2×1):H surface ( Fig. 10) , the highintensity peak has shifted to 4.7 eV, confirming the energy position for the H-free surfaces is situated at higher kinetic energies around 5 eV. In contrast increasing downward band bending, whereas the intensity remains the same. The peak situated at to the (111)-(1×1):H surface, the (100)-(2×1):H surface presents a sharp high-intensity peak (note 3.9 eV, characterizing the spectra cut-off, has decreased in intensity, whereas the position the intensity scale of the graph) with a FWHM of 250 meV and with the cut-off situated at 4.9 eV remains the same. After 600°C annealing, the cut- The low-B-doped diamond (111)-(1×1):H surface shows a completely different behavior to that of the (100)-(2×1):H surface, as shown by the He I normal emission spectra in Fig. 11 and in Fig. 9 (note the intensities differences for both surfaces in Fig. 9 ). As shown in Fig. 9 , the cut-off of the (111)-(1×1):H surface is situated at 4.2 eV, whereas the spectrum shows a weak shoulder at 5.0 eV, but we do not measure a high-intensity annealing the (111)-(1×1):H surface to 400 and 800°C, shift to 4.4 and 4.9 eV, respectively. Finally, the (111)-(1×1) surface has the cut-off situated at off position of the spectrum has shifted back to 4.9 eV similar to the NEA peak position, whereas 5.6 eV, which means that the hydrogen-free (111) surface shows PEA (the cut-off at 5.6 eV is larger the spectrum has decreased in intensity. The shifting reverses because the NEA peak successively than the band gap), in agreement with previous calculations [30] . vanishes after annealing up to 1100°C. A downward band bending of 0.6 eV (0.3 eV more than
In Fig. 12 , the He I spectra show the NEA behavior of the high-B-doped diamond (100) surfor the H-terminated surface, Table 2 ), equal to VBM−E F =4.6 eV, means that E vac lies in the face. For the high-B-doped diamond (100)-(2×1):H surface, the electron affinity behavior is band-bending region. Therefore, a PEA of 0.3 eV similar to the low-B-doped diamond (100)-surface is situated at 3.1 eV, but the spectra do not show a high-intensity NEA peak (note the (2×1):H surface, but the shape and intensity of the spectra are different (note the different intensity different intensity scale). In fact, subtracting the energy distance E F −CBM=3.1 eV from the bandscale). The NEA peak has an intensity three times lower and is broadened ( FWHM=1 eV ) with the gap (5.5 eV ), we obtain a value of 2.4 eV for the energy distance VBM−E F . This energy distance is cut-off situated at 4.8 eV, whereas the spectra cutoff is situated at 3.7 eV. The difference to the lowlarger than that determined with the He II spectra [37] , and a NEA of at least −0.2 eV results. The B-doped diamond can be explained by the fact that for the high-B-doped diamond, we probe reason for the non-presence of the NEA peak will be discussed in Section 4.3.3. The cut-off position, practically the whole band bending width (15 Å ), resulting in a more broadened peak. Another after annealing up to 600°C, shifts to 3.3 eV, but the spectrum remains similar in shape and intenreason may be a greater surface roughness. After 600°C annealing, the cut-off position has shifted sity. Finally, the (100)-(2×1) surface has its cutoff at 4.7 eV, resulting in a PEA of 0.5 eV [37] , back to 4.3 eV, while the peak has decreased in intensity. The (100)-(2×1) surface has its cut-off and the spectrum has decreased in intensity. situated at 5.7 eV and shows a PEA.
Angle-resolved NEA measurements
Our UPS measurements reveal a high-intensity
UPS characterization for the N-doped diamond (100) surface
NEA peak for the low-B-doped diamond (100)-(2×1):H surface with a low-kinetic-energy cut-off An interesting question is whether the high-Ndoped (with E F situated at 1.6 eV below the CBM ) at 3.9 eV, whereas the low-B-doped diamond respectively. In order to understand and interpret the photoemission data and to extract information surface after annealing up to 1100°C are shown in Fig. 13 . The spectra cut-off of the (100)-(2×1):H about the electronic properties of the different diamond surfaces, we consider Spicer's three-stepprocess [59] for photoelectron emission from semiconductors consisting of (1) photoexcitation of the electrons by absorption of light, (2) transport of the electrons through the crystal to the surface, and (3) escape of the electrons from the surface into the vacuum. The escape mechanism is responsible for the photoelectron emission of CBM electrons and for the measurement of the NEA peak by means of UPS. B-doped diamond is a semiconductor with an indirect band gap, which can affect the escape probability of electron emission for different oriented diamond surfaces. The CBM is at k min =0.76k x in the [100] direction [60] where k x is the zone boundary wavevector. For the (100) surface, CBM electrons arrive with a zero compo- [ 61, 62] established an one-electron escape model of electron emission from a perfect surface and require in this model not only the conservation of energy but also the conservation of k d . In addition, k d -conservation of NEA surfaces acts in some cases as a barrier for low-kinetic-energy electrons with a large k d . Bandis et al. [50, 63] analyzed this constraint for the diamond (111) surface and found that x must be less than −4.55 eV in order to satisfy the energy and k d conservation. The emitted electrons with a large k d component would imply a distinct threefold azimuthal angular distribution of emission, with little intensity directed along the surface normal. However, if x is more than −4.55 eV, then the electrons are totally internally reflected at the diamond-vacuum interface. The fact that we do not measure a NEA peak for the low-B-doped (111)-(1×1):H surface suggests that x is more than −4.55 eV. Therefore, due to the k d -conservation in photoemission, we expect at the CBM a higher electron-escape probability for the diamond (100) than for the (111) surface, which is in agreement with our UPS results (Fig. 9) . We measured the angular distribution of voltage of −1.5 eV ), i.e. the angular distribution of the NEA peak, are directed along the surface normal with cylindrical symmetry and a FWHM different surface preparation and the high applied bias voltage by Bandis et al. [13] may be the of 35° ( Fig. 14) . The photoelectrons characterizing NEA behavior are emitted with a high intensity reason why they did not measure the same angular distribution of CBM emitted electrons from the normal to the surface and with a sharp angular width. Increasing the applied bias voltage up to low-B-doped diamond (111)-(1×1):H surface. Due to the k d -constraint in photoemission for −10 V will focus these low-kinetic-energy electrons normal to the surface with a FWHM the low-B-doped diamond (111) surface with little intensity directed along the surface normal, we below 20°. For the (111)-(1×1):H surface with no measured NEA peak, the emitted electrons from show in Fig. 16 the low-kinetic-energy part of the He I normal emission spectra of the (111)-the CBM show a ring with cylindrical symmetry and with a maximum at 22°polar angle. These (1×1):H surface for different polar angles. From  Figs. 15 and 16 , we deduce 22°off normal as the measurements agree with the fact that we observe a higher electron-escape probability at the CBM intensity maximum (twice more than at normal emission). However, not only has the intensity for the diamond (100) than for the (111) surface at normal emission. The k d constraint in photoincreased, but also the spectrum cut-off has shifted to lower kinetic energies (3.9 eV ), while it is situemission and a NEA above −4.55 eV are the reasons why we do not detect a high-intensity ated at 4.2 eV for normal emission. The measured electrons emitted from the CBM suggest that the NEA peak for the (111)-(1×1):H surface. The bending at the surface has been revealed ( Table 2) . A similar effect was observed by Spicer [59], who showed, using photoemission studies on alkali-(111)-(1×1):H surface shows no NEA peak but NEA behavior. Similar to the diamond (111) antimony compounds, that the most efficient emitters are those with p-type behavior. Like the surface, detection of the NEA silicon (111) surface using a special activation process was unsuccessful.
downward or upward band banding of B-or N-doped diamond, respectively, the bands of Goldstein [17] did not succeed in measuring the activation of the silicon (111) surface to NEA n-type alkali-antimony compounds have a tendency to turn upward at the surface reflected by using the same procedure (adsorption of Cs-O on the Si surface) as for the silicon (100) surface, but an increase in the electron affinity barrier [59] . he did observe an increasing photoelectron emission efficiency due to the activation process.
Emission from populated surface states
The low-kinetic-energy electron emission For the N-doped diamond (100)-(2×1):H surface, the k d -conservation in the photoemission is spectrum of the low-B-doped (100)-(2×1):H surface (Figs. 9 and 10) shows that below the NEA not the mechanism preventing CBM electrons to be emitted into the vacuum. In this case, the peak, there is a low-kinetic-energy peak or shoulder with its cut-off situated below the CBM. In upward band bending at the surface seems to be addition, the cut-off of the low-B-doped (111)-is not well understood and needs further investigations. (1×1):H surface shows a dispersion with changing polar angle ( Fig. 16) . By secondary electron-emisConsidering the low-kinetic-energy cut-off as the upper value of the vacuum level (it can even lie sion spectroscopy, Yater et al. [64] also observed this low-kinetic-energy shoulder but for the caesibelow) we can deduce, similar to Thomas et al.
[23] and Yater et al. [64] , an upper limit of the ated diamond (100) surface. They suggested that for a strong NEA, low-kinetic-energy electrons at NEA value and a maximal work function for the different terminated, doped and oriented diamond the surface that populate energy levels below the CBM can still be emitted into the vacuum [64] .
surfaces, as shown in Table 3 . For the low-B-doped diamond H-terminated (100) and (111) surfaces, The intensity and distribution of these low-kineticenergy electrons depend on the specific mechanism the obtained NEA values (−1.0 eV and −0.9 eV ) are slightly larger than those measured by Bandis of population. The inelastic scattering at the surface to the vacuum interface and the transitions and Pate [13, 22] (−0.8 eV and −0.7 eV ), whereas they partially agree with those measured by of electrons from the CBM to unoccupied surface states, situated in the band gap, are potential Thomas et al. [21] [−0.4 eV and 1.8 eV for the H-terminated and H-free (100) surfaces]. possible mechanisms. Transitions of electrons from the CBM to unoccupied surface states situated in However, for the low-B-doped (100) surface, the electron affinity change of 2.3 eV, determined in the band gap seem to be the most promising mechanism to explain the low-kinetic-energy Table 3 studies [65] [66] [67] show that the lowest unoccupied Electron affinity (x) and work function (w) of the differently surface states are localized at the C 9 point at 1 eV doped and oriented diamond surfaces determined in the low below the CBM. At normal emission, our spectra kinetic-energy part of the normal emission He I spectra from reveal a cut-off position at 3.9 eV (1 eV below the along J 9K 9 . Our measurements ( Fig. 16) are always near the C 9 point using the formula
given in Ref. [47] . The dispersion of these low-
kinetic-energy electrons for different polar angles Table 1 . The shift of affinity and work function) in the energy band diagrams for the differently terminated, doped and the C 1s core levels from Refs. [23, 53] and Figs. 7 and 8 allow the change in band bending to be oriented diamond surfaces, as shown in Fig. 17 [low-B-doped diamond (100) and (111) surfaces] determined. The simulated band-bending values and the values determined earlier by UPS and by and in Fig. 18 [high-B-and N-doped diamond (100) surfaces]. For the B-doped diamond, our the C 1s shifts [37] allow the absolute band bending (as listed in Table 2 ) to be determined. The calculations predict the bulk Fermi level at 0. affinity x and the work function, w, of the n-type silicon surfaces [46, 70, 71] . Cardona and Ley [46 ] note that the work function w of semicondifferently terminated, doped and oriented diamond surfaces to be determined, as summarized ductors is defined with respect to its Fermi level, which can be altered by doping or by surface in Table 3 .
All the H-terminated diamond surfaces show reconstruction. The different work function values result from the fact that the Fermi level, E F , at the NEA, whereas the H-free surfaces present PEA. The work function of the B-doped diamond (100) surface is not pinned exactly in the middle of the band gap. Whereas, for the p-type surface, E F is surfaces is slightly larger than for the N-doped surface. Similar results were found for p-and nearer to the VBM, E F of the n-type surface is nearer to the CBM [46, 70, 71] . The differently affinity and work function of differently termipinned Fermi levels for the hydrogen-terminated nated, oriented and doped diamond surfaces. The N-and B-doped surfaces is due to the fact that H-terminated diamond surfaces have NEA, hydrogen removes the p-type surface states, inducwhereas the H-free surfaces present PEA. The ing a flattening of the bands at the surface. The high-intensity NEA peak probed by UPS is only (100)-(2×1):H surfaces have a work function observed for the B-doped diamond (100) surfaces, approximately 1.5 eV lower than the (100)-(2×1) whereas it is not visible for the N-doped diamond surfaces. Similarly to alkalis on metal surfaces, (100) surface due to the high upward band bending hydrogen termination with C-H bonds at the and for the B-doped diamond (111) surface due surface results in a strong dipole layer, decreasing to the k d conservation in photoemission. w of the diamond (100) surface by approximately Electron emission from energy levels below the 1.5 eV. It is then a logical consequence that we CBM up to the vacuum level E vac allowed the observe a slightly different NEA value for the Nelectron affinity to be measured quantitatively for and B-doped diamond (100) surfaces. The quantity PEA as well as for NEA. The emission from that changes similarly for the two different termipopulated surface states forms a shoulder or peak nated N-and B-doped diamond (100) surfaces is at low kinetic energies depending on the NEA and the work function. The energy distance, revealing a dispersion behavior. The low-B-doped E F −CBM, and the band bending change diamond (100)-(2×1):H surface presents a highdifferently because of the doping of the crystals intensity NEA peak, with a FWHM of 250 meV, and because of the different crystals (natural and resulting in an upper limit NEA value of −1.0 eV. synthetic crystals with various doping concen-
The high-B-doped diamond (100) surface behaves trations have different quantities of defects).
similarly, showing that NEA is present due to the The NEA peak, however, is only detected for wide band gap, the downward band bending and the B-doped diamond (100)-(2×1):H surfaces, the reduced work function because of hydrogen whereas it is not detected for the high-N-doped termination. The N-doped (100)-(2×1):H surface diamond (100)-(2×1):H surface due to a large shows a low NEA of −0.2 eV but no NEA peak upward band bending. For the low-B-doped diadue to the strong upward band bending. No NEA mond (111)-(1×1):H surface, the NEA peak is peak is measured for the B-doped (111)-(1×1):H absent due to the k d -conservation in photoemissurface according to the k d conservation in photosion. The present results suggest the following view emission, but the surface presents an upper limit on the mechanism of NEA diamond surfaces. Nand B-doped diamonds with hydrogen-terminated NEA value of −0.9 eV. By studying the role of (100) surfaces present NEA due to the wide band doping concentration, surface orientation and surgap (5.5 eV ) and due to the reduced work function face adsorbent for the transport and escape of because of hydrogen termination. In addition, the electrons in the emission process, an emission B-doped diamond (100)-(2×1):H surface shows a model has been deduced for different diamond downward band bending, and therefore, the surfaces summarized in the energy band diagrams. electrons emitted from the CBM can easily escape
The emission model suggests that the high-intensity into the vacuum by forming a high-intensity peak, NEA peak of the B-doped diamond (100)-as observed experimentally by UPS. In contrast to (2×1):H surface seems to be due to the downward the B-doped (100)-(2×1):H surface, UPS measband bending, together with the reduced work urements on the N-doped (100)-(2×1):H surface function because of hydrogen termination, taking do not reveal a high-intensity NEA peak due to into account that the condition of k d conservation the strong upward band bending.
in photoemission is satisfied. The work function increases for subsequent hydrogen desorption at higher annealing temperatures with associated loss 5. Conclusions of NEA. For the N-doped diamond (100) surface, the electron affinity and work function behave In summary, we investigated, using photoelectron spectroscopy, the band bending, electron similarly, but the observation of an NEA peak is
